Hydrogen production by γ-radiolysis of the mixture of mordenite, a zeolite mineral, and seawater was studied in order to provide basic points of view for the influences of zeolite minerals, of the salts in seawater, and of rise in temperature on the hydrogen production by the radiolysis of water. These influences are required to be considered in the evaluation of the hydrogen production from residual water in the waste zeolite adsorbents generated in Fukushima Dai-ichi Nuclear Power Station. As the influence of the mordenite, an additional production of hydrogen besides the hydrogen production by the radiolysis of water was observed. The additional hydrogen can be interpreted as the hydrogen production induced by the absorbed energy of the mordenite at the yield of 2.3 ×10 -8 mol/J. The influence of the salts was observed as increase of the hydrogen production. The influence of the salts can be attributed to the reactions of bromide and chloride ions inhibiting the reaction of hydrogen with hydroxyl radical. The influence of the rise in temperature was not significantly observed up to 60 °C in the mixture with seawater. The results show that the additional production of hydrogen due to the mordenite had little temperature dependence.
Introduction
Production of molecular hydrogen (H 2 ) by the radiolysis of water is one of the important radiation effects for aqueous processes under ionizing radiation environment. For the safe operation of the processes, the H 2 production is required to be adequately evaluated and handled. At Fukushima Dai-ichi Nuclear Power Station, a water treatment system was installed for the decontamination of radioactive water generated in the accident. The radioactive water was also contaminated by the salts from seawater since seawater was injected to cool the reactors and a large amount of seawater was left behind by the tsunami [1] .
The water treatment system employed ion-exchange processes using zeolite adsorbents to remove radioactive cesium (Cs) from the water. Since radioactive Cs accumulates in the zeolite adsorbents, water remaining in the spent zeolite adsorbents is assumed to be exposed to intensive radiations from the adsorbed Cs. Therefore a particular attention should be given to the H 2 production by the radiolysis of the residual water in the waste zeolite adsorbents during the storage period of them.
To evaluate the H 2 production from the waste zeolite adsorbents, the influence of the zeolite adsorbents on the radiolysis of water should be taken into consideration. The experience of the accident at Three Mile Island suggests that the presence of the zeolite adsorbents increases the H 2 production by the radiolysis of the residual water [2] , [3] . At Three Mile Island, a similar ion-exchanging process using zeolite adsorbents was carried out to decontaminate radioactive water generated in the accident. The waste zeolite adsorbents generated in Three Mile Island produced H 2 and molecular oxygen (O 2 ). The report on the H 2 control of the waste in Three Mile Island notes that the production rates of the gaseous products were higher than those expected from the radiolysis of the residual water contained in the waste zeolite adsorbents [3] . Moreover, some basic studies on the radiolysis of adsorbed water on zeolites also reported relatively high productions of H 2 from the adsorbed water compared to that expected from the same amount of water in the absence of the zeolites [4] - [6] . In these studies, the high productions of H 2 were interpreted as indicating that the energies originally absorbed by the zeolites transferred to the surfaces of the zeolites and decomposed the adsorbed water. In addition, the energy transfer process has been proposed as a possible mechanism of the H 2 production in a lot of studies on the influences of fine particles or porous materials of insoluble ceramics [7] - [16] .
The salts from seawater in the contaminated water at Fukushima Dai-ichi are the major difference between the water treatments at Fukushima Dai-ichi and at Three Mile Island. Seawater contains many ions such as chloride ion (Cl − ), bromide ion (Br − ), and bicarbonate ion (HCO 3 − ) [17] . These ions are involved in the radiation-induced reactions in bulk seawater, and thereby possibly in the reactions subsequent to the radiolysis of adsorbed water on the zeolite adsorbents. The radiation-induced phenomena at the interfaces are expected to have key roles in the H 2 production from the waste zeolite adsorbents. However, the reaction scheme of the H 2 production in the presence of zeolites or solid oxides is still not established. Therefore, further studies are required to predict the influence of the zeolite adsorbents on the radiolysis of water containing the salts.
In addition, the temperature effect on the H 2 production should also be evaluated because the decay heat from the radioactive Cs would raise the temperature of the waste zeolite adsorbents. The temperature dependence of the H 2 production by radiolysis of water has been studied, since the radiolysis of water at elevated temperatures is important for the control of water quality in light water nuclear reactors [18] . However, little has been studied about the radiolysis of water at elevated temperatures in the presence of zeolites or other solid oxides. Therefore the influence of the rise in temperature on the H 2 production in the presence of zeolites is needed to be investigated.
Hence, the H 2 production by the γ-radiolysis of the mixture of zeolites and seawater was studied. We have already reported the H 2 production from the mixture of one of the zeolite adsorbents actually used at Fukushima Dai-ichi with seawater on some essential conditions [19] . The purpose of this study is to provide basic points of view to take account of the influences of the zeolite adsorbents, of the salts in seawater, and of the rise in temperature in the evaluation of the H 2 production from the waste zeolite adsorbents. In this study the H 2 production from the mixture of natural mordenite, a type of zeolite minerals, with seawater or with pure water at temperatures from room temperature to 60 °C was investigated. Actual measured data on the H 2 production from the mixture of the zeolite adsorbents and seawater are indispensable to evaluate the H 2 production in the water processing at Fukushima Dai-ichi, while concurrently studies on the H 2 production in various conditions will deepen our understanding on the radiation chemistry in heterogeneous systems of aqueous solutions and solid oxides.
Experimental

Sample Preparation
The samples were the mixtures of mordenite with seawater or the mixtures of mordenite with pure water. The mordenite used in this study was natural mordenite (TOP ZEOLITE M) from Ayashi area in Miyagi prefecture supplied by SHIN TOHOKU Chemical Industry. Seawater was sampled at Oarai seafront in Ibaraki prefecture. Seawater was used after filtration with a filter paper of grade No. 5C purchased from ADVANTEC. The concentrations of anions in seawater were measured on an ion chromatography instrument, ICS-1000, DIONEX. Water used for sample preparation was purified by distillation and ion exchanging with a pure water system, SA-2100E1, EYELA. The electric conductivity of the pure water was less than 0.07 µS.
Mordenite contains a considerable amount of adsorbed water under moist atmosphere since mordenite has hygroscopic property. The water contents of the mordenite used in this study were determined by the weight losses at 550 °C under nitrogen (N 2 ) atmosphere by thermogravimetric analysis. The thermogravimetric analysis was carried out on a TGA-50, SHIMADZU. Figure 1 shows the thermal weight loss curves of the mordenite conditioned in a humidity controlled desiccator at 80 % relative humidity (%RH) and at 22 ± 3 °C. The water content of the mordenite was measured to be 0.108 ± 0.005 when the mordenite was 
Irradiation and H 2 measurement
The samples were irradiated by γ-rays from a The H 2 produced by the irradiation was measured by gas chromatography. Prior to the measurement, the samples were agitated by vortex mixer for 2 minutes to promote the transition of H 2 from the mixtures to the gas phases and to homogenize the H 2 concentrations in the gas phases. Further agitation did not affect the measurement. The H 2 concentrations in the gases in the vials were measured using a gas chromatograph, GC-14A, SHIMADZU, equipped with a thermal conductivity detector and a molecular sieve 5A column. The carrier gas was Ar. When the empty vials were irradiated up to 10 kGy, H 2 was not detected.
The gas phase volumes in the sample vials were determined by the water immersion method to calculate the quantities of produced H 2 from the measured concentrations. After the gas analysis, the vials were opened and filled with pure water. The gas phase volumes were determined by the increases in the weights by the addition of pure water. The gas phase volume was determined individually for each sample.
As a reference to validate the measurement, 1 mM aqueous potassium bromide solution was irradiated and the production of H 2 was measured in addition to the samples. The solution is known to produce H 2 at the primary yield, 4.7 × 10 -8 mol/J for the γ-radiolysis of water. The measured yield was (4.7 ± 0.2) × 10 -8 mol/J. The error of the measurement was evaluated to be 5%.
The adsorption of H 2 on the mordenite had negligible influence on the measurement of the quantities of H 2 . The influence of the adsorption of H 2 on the mordenite was tested using the mixtures of the mordenite with pure water of w aq = 0.01, 0.1 and 0.48. A known amount of standard H 2 gas was injected with a gas tight syringe to the sealed vials containing the mixtures. Then the quantities of H 2 in the vials were measured 2, 4 or 6 hours after the injection. No significant decrease in the quantities of H 2 indicating the adsorption of H 2 was observed.
Dosimetry
The absorbed doses were measured by the dichromate dosimeter [20] . The respective doses of seawater, pure water, and the mordenite were evaluated because the samples were the heterogeneous mixtures. These doses for the materials were calculated by correcting the measured dose by the mass energy-absorption coefficients for 1.25 MeV photons [21] . 
Results and Discussion
H 2 production from Seawater
The H 2 productions from the mixtures of the mordenite with seawater at various w aq were measured in order to elucidate the influence of the mordenite on the H 2 production. The radiolysis of seawater in the absence of the mordenite produced H 2 at the yield of Bjergbakke et al. [22] , [23] . In their calculation, the yield of H 2 from seawater was predicted to be equivalent to the primary yield, 4.7 ×10 -8 mol/J for the γ-radiolysis of water. The H 2 production at the primary yield means that the oxidation of H 2 by hydroxyl radical (
• OH) was inhibited in seawater. Otherwise the H 2 yield would become lower than the primary yield.
where k indicates the rate constant of the reaction of the subscript number.
• OH is one of the The radicals involved in the reaction processes subsequent to reactions (R2) [24] and (R3) [25] are reported to be scarcely reactive with H 2 . In addition, the H 2 production through reactions of hydrated electron (e The concentrations of anions in seawater used in this study are shown in Table 1 . The measured concentrations were within the reported range [17] . The concentrations of Br − and Cl − were high enough to inhibit reaction (R1). The concentrations of anions after the irradiation were also measured and the changes in the concentrations were negligible up to 10 kGy.
Influence of the Mordenite
In order to discuss the influence of the mordenite, the H 2 productions per unit weight of seawater contained in the mixtures at different w aq were compared. For the comparison, the radiation-chemical yield of H 2 , G aq (H 2 ), was evaluated using the following equations.
) (
where n(H 2 ) is the produced quantity of H 2 , E aq is the absorbed energy of seawater, and D aq is the absorbed dose of seawater. G aq (H 2 ) represents the produced quantity of H 2 per unit weight of seawater in the mixture and per unit absorbed dose. The dependence of G aq (H 2 ) on w aq is shown in Figure 3(a) . The values of G aq (H 2 ) shown by the symbols were obtained from the experimental results by the liner regressions of n(H 2 ) on E aq using Equation (2) . G aq (H 2 ) Table 1 Fig . 3 increased with decreasing w aq and reached 2 ×10 -7 mol/J at w aq = 0.05.
The increase of G aq (H 2 ) clearly shows that the presence of the mordenite caused an additional production of H 2 . Supposing the mordenite had no influence on the H 2 production, G aq (H 2 ) was expected to be the same as that for seawater in the absence of the mordenite and to be constant at 4.8 ×10 -8 mol/J as shown by the dashed line in Figure 3 (a). The additional production of H 2 suggests that the energy of γ-rays originally absorbed by the mordenite was involved in the H 2 production, as proposed in the studies on the radiolysis of heterogeneous systems of aqueous solutions and solid oxides [4] - [16] . However, G aq (H 2 ) is inadequate for quantitative discussions on the additional production of H 2 because the absorbed energy of the mordenite is neglected in the calculation of G aq (H 2 ). When the energy absorbed by the mordenite is speculated to be involved in the H 2 production, it is reasonable to include the energy absorbed by the mordenite in the calculation of the H 2 yield.
For discussions on the involvement of the energy absorbed by the mordenite in the H 2 production, the H 2 yield was revaluated. A simple way to take account of the involvement of the energy absorbed by the mordenite is to calculate the H 2 yield by dividing n(H 2 ) by the sum of the absorbed energies of seawater and of the mordenite. Therefore the revaluated H 2 yield, G total (H 2 ), was obtained from the experimental results using the following equations.
where E total is the absorbed energy of the mixture, E MOR is the absorbed energy of the mordenite, and D MOR is the absorbed dose of the mordenite. The dependence of G total (H 2 ) on w aq is shown in Figure 3(b) . G total (H 2 ) represents the efficiency of the H 2 production toward the total absorbed energy of the mixture.
G total (H 2 ) decreased monotonically with decreasing w aq , in contrast to G aq (H 2 ) in Figure 3(a) . The dashed line in Figure 3(b) shows the H 2 yield calculated by Equation (4) supposing the mordenite had no influence, where n(H 2 ) is given by multiplying E aq by the H 2 yield from seawater, 4.8 ×10 -8 mol/J. The additional production of H 2 due to the mordenite can be distinguished as the difference between the experimental results shown by the symbols and the dashed line in Figure 3(b) . Therefore the decrease of G total (H 2 ) means the decrease of the efficiency of the H 2 production toward the total energy absorption by the mixture, even though the mordenite caused the additional production of H 2 .
Empirical Expression of the H 2 Production
A quite simple but quantitative interpretation of the H 2 production from the mixture of the mordenite with seawater becomes possible when the H 2 production induced by E MOR is supposed based on the discussion on the influence of the mordenite in the previous section.
The H 2 production from the mixture can be interpreted as a linear summation of the H 2 production by the radiolysis of water and the additional production of H 2 induced by E MOR .
Namely, the following expression explains the experimental results for w aq > 0.2. 
where g aq (H 2 ) and g MOR (H 2 ) are the coefficients of H 2 production by E aq and E MOR , respectively, which consequently can be regarded as the radiation-chemical yields of H 2 . The first term corresponds to the radiolysis of seawater. The radiolysis of seawater was assumed to produce H 2 at the primary yield in the γ-radiolysis of water in this expression. The second term was introduced to explain the additional production of H 2 due to the mordenite. The value of g MOR (H 2 ) was determined to be 2.3 ×10 -8 mol/J, so that Equation (7) agrees with the experiment for w aq > 0.2. The solid line in Figure 3 (b) shows G total (H 2 ) calculated by Equation
The value of g MOR (H 2 ), 2.3 ×10 -8 mol/J, was about half of the primary yield of H 2 in the γ-radiolysis of water. Therefore the results show that the additional production of H 2 due to the mordenite was less efficient than the H 2 production by the radiolysis of water. It seems reasonable that the energy originally absorbed by the mordenite is less efficient to produce H 2 than the energy directly absorbed by water, since H 2 is produced by the decomposition of water.
Comparison of Equation (7) with the experimental results suggests that the radiation-induced reactions in the pores of the mordenite or in the vicinity of the mordenite had an important role in the additional production of H 2 . The H 2 production calculated by Equation (7) agrees with the experiment for w aq > 0.2. Since the second term in Equation (7) is proportional to E MOR with constant g MOR (H 2 ), the agreement of Equation (7) with the experiment indicates that the efficiency of the additional production of H 2 toward E MOR was independent of the excess amount of seawater for w aq > 0.2. For the lower w aq , the calculation by Equation (7) became higher than the experimental values. The experimental values approached to 0 with decreasing w aq . The discrepancy between Equation (7) and the experimental results suggests that the efficiency of the additional production of H 2 due to the mordenite was no longer constant and was decreased by the loss of water molecules for w aq < 0.2. Therefore the influence of the mordenite is considered to be spatially limited only in a region which was saturated by water morecules at w aq of around 0.2. Conversely, the mordenite is expected to have little influence on the radiolysis of seawater external to the region.
Although Equation (7) provides the simple interpretation of the H 2 production as described above, the influence of the mordenite on the radiolysis of water might be more complicated. The energy absorption of the mordenite probably produces radicals, ions and molecules other than H 2 by the decomposition of water. Moreover the presence of the interface or the pore structure of the mordenite constrains the diffusion of the products, and thereby might affect the reactions within a short time scale subsequent to the decomposition of water. Microscopic and kinetic understanding on the radiation-induced reactions in the presence of zeolites requires further studies.
Influence of the Salts
In order to understand the influence of the salts in seawater on the H 2 production from the mixture, the H 2 productions from the mixtures of the mordenite with pure water were also measured and compared with those from the mixtures of the mordenite with seawater. Figure   4 shows G total (H 2 ) from the mixtures with pure water at room temperature. In the calculation of G total (H 2 ) from the mixture with pure water, the values of D aq and E aq for pure water were used. For comparison, Figure 4 contains G total (H 2 ) from the mixture with seawater. The difference between the mixtures with pure water and with seawater indicates the influence of the salts.
The influence of the salts was significant in the absence of the mordenite. The H 2 production from pure water was remarkably lower than that from seawater. The low production of H 2 from pure water means that the oxidation of H 2 by • OH, reaction (R1)
suppressed the H 2 production. Meanwhile reaction (R1) was inhibited in seawater due to the reactions of Br − and Cl − . The primary production of H 2 by the radiolysis of water in seawater can be assumed comparable in pure water, because the measured H 2 yield from seawater in the absence of the mordenite was (4.8 ± 0.2) ×10 -8 mol/J.
The influence of the salts, however, was diminished with decreasing w aq . The diminution of the influence of the salts suggests that the salts in seawater had little influence on the additional production of H 2 due to the mordenite. The H 2 production from the mixture with pure water became comparable with that from the mixture with seawater for w aq < 0.2.
For w aq < 0.2, the additional production of H 2 due to the mordenite is expected to account for a considerable fraction of the measured H 2 . Therefore the comparable production of H 2 indicates that the quantities of H 2 additionally produced due to the mordenite were not significantly different between in seawater and in pure water. Moreover, the H 2 production at w aq < 0.2 would reflect the mechanism of the additional production of H 2 , because the efficiency of the additional production of H 2 toward E MOR was dependent on w aq in seawater for w aq < 0.2. Therefore, the reaction scheme of the additional production of H 2 is expected essentially the same between in seawater and in pure water. On the other hand, for w aq > 0.2, the H 2 production from the mixture with pure water increased with decreasing w aq , whereas the H 2 production from the mixture with seawater decreased. The increase of the H 2 production in the mixture with pure water is unlikely to be attributed to the additional production of H 2 , since the additional production of H 2 is expected comparable between in seawater and in pure water. Therefore the increase of the H 2 production can be interpreted as showing that the suppression of H 2 by reaction (R1) became less effective in the mixture even in the absence of the salts. Inhibition of reaction (R1) in the mixture with pure water would increase the H 2 production from the mixture with pure water and concurrently would diminish the influence of the reactions of Br − and Cl − , reactions (R2) and (R3).
At least two possibilities can be considered for the inhibition of reaction (R1) in the mixture with pure water. One is diffusion and escape of H 2 to the gas phase. As w aq decreased, the supernatant of the mixture became thin, and then the mixture contained air voids at w aq < around 0.5 to enlarge the interface area of the mixture to the gas phase. Recent studies on the radiolysis of aqueous solutions in the presence of alumina fine particles showed that the concentration of H 2 O 2 decreased in the presence of alumina [26] , [27] .
Therefore, if the presence of the mordenite decreases the concentration of H 2 O 2 in analogy with alumina, it would inhibit the oxidation of H 2 .
Temperature Dependence
In order to investigate the influence of temperature on the H 2 production, the H 2 productions from the mixtures with seawater or with pure water were measured at 40 °C and at 60 °C in addition to room temperature. For comparison, the temperature dependences of H 2 production from seawater and pure water in the absence of the mordenite were also measured.
The results are shown in Figure 5 . No significant temperature dependences were observed in the H 2 production from seawater and from the mixtures with seawater. Also the H 2 production from the mixture with pure water of w aq = 0.1 was not significantly dependent on temperature.
Slight temperature dependences were observed in pure water in the absence of the mordenite and in the mixture with pure water of w aq = 0.48. When the mixtures with seawater and with pure water are compared, the H 2 production from the mixture with seawater was comparable with or higher than the mixture with pure water at the same w aq within this temperature range.
The temperature dependence of the primary yield of H 2 in γ-radiolysis of water is not significant within this temperature range [18] . Therefore the oxidation of H 2 remained to be inhibited in seawater up to 60 °C since the H 2 production from seawater was not significantly dependent on temperature. The results obtained from the mixtures with seawater show that the additional production of H 2 due to the mordenite had little dependence on temperature, because the additional production of H 2 is expected to account for a considerable fraction of the measured H 2 especially at w aq = 0.1. Therefore the temperature dependences observed in pure water and pure water mixture at w aq = 0.48 can be attributed to the temperature effect on the reaction processes in the aqueous phases before the transfer of H 2 to the gas phases. The rise in temperature increased the rate of reaction (R1) [18] , while also accelerated the diffusion of H 2 . The increase of the H 2 production with increasing temperature suggests that the rise in temperature accelerated the transfer of H 2 to the gas phase more effectively than the oxidation of H 2 by reaction (R1). 
Conclusion
The H 2 production from the γ-radiolysis of the mixture of the moredenite with seawater was studied in order to provide basic points of view for the influences of the zeolite adsorbents, of the salts from seawater, and of the rise in temperature on the H 2 production by the radiolysis of water. These influences are required to be adequately included in the evaluation of the H 2 production from the waste zeolite adsorbents generated in the water treatment at Fukushima Dai-ichi Nuclear Power Station.
The influence of the mordenite on the H 2 production from the mixture with seawater was observed as an additional production of H 2 , although the H 2 production from the mixture with seawater decreased with decreasing weight fraction of seawater. When the weight fraction of seawater was higher than 0.2, the additional production of H 2 can be interpreted as the H 2 production induced by the energy absorbed by the mordenite at the yield of 2.3 ×10 -8 mol/J, which is about half of the primary yield of H 2 by the γ-radiolysis of water. For the lower weight fraction of seawater, the H 2 production from the mixture with seawater was significantly suppressed by further decrease of seawater. The significant decrease of the H 2 production shows that the influence of the mordenite was diminished by the loss of water molecules.
The influence of the salts was discussed through the comparison of the H 2 productions from the mixtures with seawater and with pure water. The H 2 production from seawater was remarkably higher than that from pure water in the absence of the mordenite. The higher production of H 2 in seawater can be explained by the reactions of Br − and Cl − inhibiting the oxidation of H 2 by
• OH. However, the influence of the salts in the mixture diminished with decreasing weight fraction of seawater, while the H 2 production from the mixture with pure water increased with decreasing weight fraction of pure water. The diminution of the influence of the salts and the increase of the H 2 production from the mixture with pure water suggests that the oxidation of H 2 by • OH was inhibited in the mixture even in the absence of the salts in seawater. When the weight fraction of seawater was lower than 0.2, the H 2 production from the mixture with seawater became comparable with that from the mixture with pure water containing the corresponding weight fraction of pure water. The comparable production of H 2 suggests that the salts in seawater had a negligible influence on the additional production of H 2 due to the mordenite.
The temperature dependence of the H 2 production was not significantly observed in the mixture with seawater within the temperature range from room temperature up to 60 °C.
In this temperature range, the H 2 production from the mixture with seawater was comparable with or higher than that from the mixture with pure water containing the corresponding weight fraction of pure water. The results show that the additional production of H 2 due to the mordenite had little temperature dependence up to 60 °C as well as the primary production of H 2 by the radiolysis of water. 
